Fucoidan is a sulfated polysaccharide found primarily in various species of brown seaweed such as Laminaria japonica Areshoug (Makombu in Japanese), Kjellmaniella gyrate Miyabe (Gagome), Hizikiz fusiformis Okamura (Hijiki) and Undaria pinnatifida Suringar (Wakame). 1) Fucoidan is a branched polysaccharide sulfate ester with L-fucose 4-sulfate as the main chain which are predominantly -1,2-kinked. 2) Fucoidan exerts antitumor activity by enhancing the immune response of hosts, 3) the antiviral activity against herpes simplex virus type 1, 4) the anti-allergy activity by preventing the NF-B p52-mediated pathways through CD40, 5) and the anticoagulant activity by thrombin inhibition. 6) Moreover, Li et al. 7) have indicated that fucoidan did not show toxicity when rats were administered with fucoidan of 300 mg/kg of body weight per day.
Fucoidans vary in their degree of sulfation, molecular weight, and conformation of sugar residues according to the species of seaweed. 8) Fucoidan has recently become attractive as a functional food and as a source for the development of drugs as already mentioned. Nagaoka et al. 9) have reported the structure of fucoidan from Cladosiphon okamuranus Tokida, and Ponce et al. 10) have reported the structure of fucoidan from Adenocystis utricularis. Besides these reports, there are many regarding the structure of fucoidan. [11] [12] [13] [14] Despite the level of interest shown in the structural aspects of fucoidan, their contents in brown algae have been relatively little studied. This seems to be because there are many steps to purify and quantify the polysaccharides as described by Zvyagintseva et al., 15) even if the analytical methods for polysaccharides have improved so far. Therefore, it seems that the development of a rapid, accurate, and sensitive method to determine fucoidans found in brown seaweeds such as Laminaria japonica would be a key requirement in the production of new functional foods. In this study, a new monoclonal antibody was developed that possesses reactivity against polysulfated polysaccharides derived from Laminaria japonica Areschoug (Makombu in Japanese). The antibody also reacted with the same polysaccharides from Kjellmaniella gyrate Miyabe (Gagome), but not from Undaria pinnatifida Suringar (Wakame). The establishment of a simple technique to determine the concentration of fucoidan by using this antibody is also described, and its localization was investigated by tissue-printing and an immunofluorescence-staining method.
Materials and Methods
Reagents. Purified fucoidans from Laminaria japonica and Kjellmaniella gyrate were prepared by the method described by Zvyagintseva et al. 15) Neutral polysaccharides from Kjellmaniella gyrate were prepared as the non-adsorbed fraction from a Toyopearl DEAE650 column when the water-soluble fraction was applied. Watersoluble extracts from Kjellmaniella gyrate and Undaria pinnatifida were prepared by the method described by Minato et al. 16) The peroxidase-conjugated affinipure goat anti-mouse IgG + IgM antibody was purchased from Jackson ImmunoResearch Laboratories (Pennsyly To whom correspondence should be addressed. Fax: +81-78-803-5835; E-mail: mizuno@kobe-u.ac.jp Abbreviations: BSA, bovine serum albumin; ELISA, enzyme-linked immunosorbent assay; FBS, fetal bovine serum; GMDP, N-acetylglucosaminyl-(1-4)-N-acetylmuramyl-alanyl-D-isoglutamine; HAT, hypoxanthine aminopterin thymidine; IgE, immunoglobulin E; IgG, immunoglobulin G; NF-B, nuclear factor-kappa B; OTC, optimal cutting temperature; PBS, phosphate-buffered saline; PVDF, polyvinylidene fluoride; TBS, Tris-buffered saline vania, USA). Gerbu adjuvant mm was purchased from Gerbu Biochemicals GmbH (Gaiberg, Germany). Laminarin and the RPMI1640 medium were purchased from Sigma-Aldrich (St. Louis, USA). A mouse monoclonal antibody isotyping test kit was purchased from AbD Serotec (Kidlingaton, UK). All other reagents were of analytical grade.
Preparation of the monoclonal antibody against fucoidan.
Animal treatments in the present study conformed to the Guidelines for the Care and Use of Experimental Animals (Rokkodai Campus, Kobe University). BALB/c mice (4 weeks, female) were obtained from SLC (Shizuoka, Japan), and 5 week-old mice were primarily immunized with fucoidan (100 mg) from Laminaria japonica by the subcutaneous route with Gerbu adjuvant mm (0.04 ml) containing 2 mg of N-acetylglucosaminyl-(1-4)-N-acetylmuramyl-alanyl-D-isoglutamine (GMDP). A booster in the same adjuvant was given on the 14th and 21st after the first immunization, and then without the adjuvant and GMDP on the 28th, 29th, and 30th. Spleen cells were used in a polyethylene glycol-mediated fusion with P3U1 myeloma cells. Hybridomas were obtained in 96-well tissue culture plates in RPMI1640 supplemented with 20% FBS and HAT (GIBCO), and cell supernatants were screened for binding to fucoidan by ELISA. Cells from the positive wells were subcloned into 96-well plates, and single clones were recovered and gradually adapted to growth in 10% FBS RPMI1640. For isotyping, monoclonal antibody samples were applied to a mouse monoclonal antibody isotyping test kit according to the manufacturer's instructions.
Micro plate preparation and ELISA procedure. An ELISA inhibition technique was used to measure the concentration of fucoidan in the seaweeds. 17) Briefly, a 96-well plate (ELISA H-type; Sumitomo Bakelite) was coated with 100 ml of a 5-mg/ml fucoidan solution in PBS (pH 7.4) per well overnight at 4 C. After washing three times with 150 ml of PBS containing 0.05% (v/v) Tween-20 (PBS-Tween), all the wells were then blocked with 100 ml of PBS 1% BSA and incubated at 20 C for 2 h. The plate was washed three times with PBS-Tween again. In parallel, each standard or sample was mixed in a 1:1 ratio with the anti-fucoidan monoclonal antibody and incubated at 4 C for 30 min to prepare the inhibition mixture. Fifty microliters of each inhibition mixture was added to the designated wells in triplicate, and the plate was incubated at 20 C for 1 h. The plate was then washed three times with PBS-Tween, followed by the addition of 50 ml of an appropriate dilution of the peroxidase-conjugated affinipure goat antimouse IgG + IgM antibody to each well and then incubated at 20 C for 30 min. After washing, 50 ml of an o-phenylenediamine dihydrochloride substrate (0.5 mg/ml) containing 5 ml of H 2 O 2 (10 ml total volume) was added. The plate was incubated in the dark for 30 min, and the reaction was stopped by adding 50 ml of 4 M H 2 SO 4 to each well. The absorbance was measured immediately at 450 nm and 550 nm as a background by using a microplate reader (Bio-Rad 550). The amount of fucoidan was calculated after creating a standard curve.
Extraction of polysaccharides from Laminaria japonica. Laminaria japonica were lyophilized and powdered with a Waring blender and then delipidated with acetone. The dry powder was extracted with 10 volumes of distilled water in an autoclave at 120 C for 20 min, filtered, and then the filtrate was added to 2 volumes of 100% ethanol. After ethanol precipitation for 20 h at 4 C, the sample was centrifuged at 10;000 g for 10 min at 4 C. The collected pellet was dried in vacuo and applied to an ELISA inhibition assay to quantify the content of fucoidan.
Immunostaining prints of fucoidan using tissue sections of Laminaria japonica. PVDF membranes (HybondÔ-P, GE Healthare) were soaked in methanol for more than 1 min before use. The tissue sections were immediately transferred to PVDF membranes; the displacement of the sections after contacting the paper was carefully removed. After preparing the membrane, it was blocked for 1 h in TBS-Tween containing 5% skim milk at 4 C and then incubated overnight with the appropriate anti-fucoidan monoclonal antibody in 5% TBS-Tween. Enhanced chemiluminescence (ECL plus, GE Healthcare) was used to detect the relevant proteins by following the protocol suggested by the manufacturer.
Cryosectioning and immunofluorescence staining. Laminaria japonica was placed into Cryomold (Sakura Finetek USA, Torrance, USA). An OCT compound (Sakura Finetek USA, Torrance, USA) was added, and the blocks were frozen at À80 C for 1 h. Twentymicrometer sections were cut with a microtome blade (Feather Safety Razor, Japan) at À20 C. The tissue slides were blocked with 10% goat serum in PBS for 30 min at room temperature. The slides were pretreated with the mouse anti-fucoidan antibody (1:25) for 2 h at room temperature. The slides were then incubated with Alexa Fluor 488 goat anti-mouse IgG (H + L) antibody (1:400, Molecular Probes, Eugene, USA), and TO-PRO-3 iodide (642/661) (1:1000, Molecular Probes, Eugene, USA) for 30 min at room temperature. The slides were then coverslipped with a fluorescence mounting medium (Dako North America, USA). Images were obtained with a confocal laser scanning microscope (LSM 5 PASCAL, Carl Zeiss Co., Germany).
Results and Discussion

Specificity and isotyping of the monoclonal antifucoidan antibody
After immunization with fucoidan, mice spleens were isolated and used to generate a panel of hybridoma cells. Five hybridomas, 3-8G39A, 3-8G39F, 3-1G45E, 3-1G46F, and 1-8G45E, were identified as producing antibodies against fucoidan. Clone 3-1G46F was selected as having the highest reactivity to fucoidan, and the specificity of the antibody was investigated. This antibody specifically recognized purified fucoidan from Laminaria japonica and Kjellmaniella gyrate (Fig. 1) . However, it did not recognize the polysaccharide prepared from Undaria pinnatifida and the neutral polysaccharide prepared from Kjellmaniella gyrate, which was eluted from a Toyopearl DEAE650 column as the non-adsorbed fraction. This antibody reacted with neither laminarin nor algenic acid which are constituents of Laminaria japonica. This finding seemed to indicate that this antibody showed a significant reaction with fucoidan. The antibody was applied to a mouse monoclonal antibody isotyping test kit for isotyping, which indicated that it was IgG1 and light chain. Taking into consideration the antibody specificity, an ELISA inhibition technique was planned for the quantitative determination of fucoidan in Laminaria japonica. 
Contents of fucoidan in Laminaria japonica
As shown in Fig. 2 , a standard curve was calculated for the determination of fucoidan by an ELISA inhibition assay. The anti-fucoidan antibody was reacted with pure fucoidan from Laminaria japonica at an amount up to 100 mg/ml. In the range of 5 to 50 mg/ml, a linear calibration curve was obtained. The content of fucoidan in Laminaria japonica was measured. The recovery of crude polysaccharide was 0.83 g from 5 g of a dried sample, and the content of fucoidan was determined to be 100 mg/1 mg of crude polysaccharide by using the standard curve. Therefore, the fucoidan content was estimated to be approximately 1.66 g/100 g dried Laminaria japonica. It was estimated from several reports that the fucoidan content was approximately 1.1-1.3 g in 100 g of dry Laminaria japonica. 14) Thus, the fucoidan content from the ELISA measurement corresponds to the previously established value in seaweed. Extraction methods with organic solvents and chromatography have so far been adopted to determine the content of fucoidan in Laminaria japonica. It has been reported by Zvyagintseva et al. 15 ) that deep-frozen seaweed could be treated with ethanol, acetone, and chloroform for defatting, and then successively extracted with hot-water, and the extract subjected to hydrophobic chromatography. The yield was measured and calculated to clarify the content of fucoidan in seaweed. It was also ascertained that the ELISA inhibition assay for using the anti-fucoidan monoclonal antibody was rapid, accurate, and sensitive in measuring the content of fucoidan.
Localization of fucoidan in Laminaria japonica
To elucidate the localization of fucoidan in Laminaria japonica, tissue printing was preformed. As shown in Fig. 3 , it seemed that fucoidan was located only on the surface of Laminaria japonica and not on the inside. Moreover, its localization was also confirmed by immunofluorescence staining, using a confocal laser scanning microscope (Fig. 4) . The immunolocalization of fucoidan shown with green fluorescence was restricted to the outer cortical layer, where small cells were concentrated and mucilaginous polysaccharides were secreted. 18) As shown in Fig. 4A , it seemed that fucoidan was located at the inner boundary of each cell or the cell wall region. However, fucoidan was detected around neither the epidermal layer nor the inner cortical layer. To determine the localization of fucoidan, a further experiment using electron microscopic immunohistochemical techniques will be carried out. These results indicated that fucoidan was localized in an area between approximately 50-150 mm from the surface. 
